We investigate polarization-sensitive optical coherence tomography (PS-OCT) to obtain both intensity and polarization contrast images of in vivo and ex vivo spinal structures like subcutaneous fat, supraspinous ligament, interspinous ligament, ligamentum flavum, dura, and spinal cord in a piglet model. The PS-OCT can provide enhanced contrast characteristic structures compared to the intensity OCT; therefore it has the potential for guidance in spine interventional procedures.
Introduction
Optical methods have been increasingly used in both preclinical studies of the spinal cord [1] - [3] and provides real-time guidance information in clinical spine interventional procedures (such as epidural anesthesia and cervical injection) [4] , [5] . In clinical studies of the spinal cord, high resolution imaging technologies could offer powerful means to quantitatively monitor changes in structure and function of the living spinal cord over time after traumatic injury, onset of disease, or therapeutic intervention [3] . Optical imaging technologies such as confocal microscopy [2] and two-photon microscopy [1] , [6] have been used to study spinal cord. Although these imaging technologies have high spatial resolution of a few micrometers, their imaging depth is only several hundreds of micrometers, which precludes obtaining information from deeper spinal cord tissue. In addition, toxic dyes need to be injected into the animal for imaging, which is also not ideal for in vivo and clinical study.
Optical technologies are also useful in real-time guidance of spine interventional procedures. Serious neurologic complications and deaths have been reported in spine interventional procedures [7] , [8] . Image-guided techniques increase the precision of these procedures and can help to confirm needle placement. As image-guided techniques will lead to better results and reduce complication rates, they are now becoming more and more popular [9] . Traditional image-guided techniques include fluoroscopy, computed tomography (CT) fluoroscopy, and ultrasound. Fluoroscopy is relatively inexpensive and easy to operate, therefore it has been widely used for spine interventional procedures. However, fluoroscopy cannot distinguish soft tissues such as blood vessels and nerves, which will increase the possibility of severe complications [10] . CT fluoroscopy provides better anatomical resolution and more precise needle placement. It also has the ability to identify and avoid soft tissues structures [10] . However, CT fluoroscopy still cannot detect needle placement in smaller radicular or medullary arteries due to its limited spatial resolution (∼1 mm) [11] . Moreover, CT fluoroscopy is time consuming and impractical for guidance during routine procedures [12] . Furthermore, fluoroscopy and CT fluoroscopy have radiation risks due to X-ray exposure that is also a major disadvantage of these two technologies. Ultrasound provides real-time monitoring, is a relatively inexpensive image guidance modality, and does not produce ionizing radiation [13] . It enables visualization of soft tissues and guiding the tip of needle to the target, without harming particularly delicate structures found in the path of the needle [14] . However, the spatial resolution of ultrasound is about 0.1-1 mm [11] , which cannot provide adequate resolution to distinguish the tissue layers that the needle travels through or to specifically identify the epidural space [15] . In addition, visualization of small nerves deep within tissues can be limited by low signal-to-noise ratio and image resolution in the ultrasound [12] . Several optical reflectance spectroscopy techniques with needle-like probe have been developed to guide the needle placement with higher spatial resolution than traditional image-guided techniques [4] , [5] , [12] . However, these techniques provide only 1-D analysis while a 2-D image will provide more intuitive information for guidance.
Optical coherence tomography (OCT) is an optical imaging modality that performs high-resolution, cross-sectional, subsurface tomographic imaging of tissue microstructure. The physical principle of OCT is similar to that of ultrasound, except that it uses infrared light waves rather than acoustic waves. The resolution of OCT is less than 10 μm and the depth of penetration is about 1-2 mm [16] . Raphael et al. used both time-and frequency-domain OCT systems to image ex vivo and in situ paraspinal structures (spinal nerves, radicular artery, dura, cauda equina) in different animals [17] . It has been reported in literature that OCT can identify nerve fascicles, a characteristic feature of peripheral nerves [17] , [18] . In addition, Cadotte et al. used Doppler OCT to image the microvascular networks of rodent spinal cord in vivo, which provides a potential way to investigate the relationship between neural activity and blood flow [19] . OCT is promising in preclinical studies of spinal structures. These previous studies suggest that OCT can also be interfaced with needle imaging [20] , therefor it can be useful to provide guidance information in spine interventional procedures. We have developed a hand-held OCT forward-imaging needle devices for real-time epidural anesthesia surgery guidance and demonstrated its feasibility through in vivo experiments [20] . However, we found that the characteristic features of different spinal structures based on the intensity-only OCT images are not distinct enough. Polarization-sensitive optical coherence tomography (PS-OCT) as a functional extension of OCT enables depth-resolved mapping of sample polarization information [21] , [22] , which is particularly useful when the nano-scale birefringence organization of tissue is difficult to be observed in the intensity-only images OCT [23] , [24] . PS-OCT offers additional information and enhanced contrast, which could be useful to both the preclinical studies of the spinal cord and clinical guidance information in spine interventional procedures.
In this paper, we investigate the feasibility of PS-OCT for imaging spinal structures. During the interventional procedures, it is very important to identify different spinal structures using optical imaging. The objective of this study is to investigate the capability of PS-OCT to identify different spinal structures. Using a commercially-available PS-OCT system (PSOCT1300, Thorlabs Inc.), we obtain both intensity and polarization contrast images of spinal structures such as subcutaneous fat, supraspinous ligament, interspinous ligament, dura, and spinal cord in a piglet model. With further development, PS-OCT can be interfaced with needle imaging devices for providing guidance information during spinal injection procedures. In addition, we also show the characteristic birefringence patterns exhibited by neural structures in the polarization contrast images of spinal cord in vivo, which may be useful for preclinical studies of the spinal cord.
Methods

SMF PS-OCT Imaging System
Among many types of PS-OCT, single mode fiber (SMF) based PS-OCT system with single polarization state input has attracted more and more attention due to its low system complexity and cost, no ghost peaks and easily transforming from non-PS system (regular OCT) [25] . A commerciallyavailable PS-OCT system (PSOCT-1300 Module, Thorlabs Inc.) is used in this experiments. The system is based on SMF with single polarization state input, which provides the polarization contrast. Fig. 1 shows the schematics of the SMF-based PS-OCT, which utilizes a swept source (SS) laser. The tunable wavelength range is from 1275-1375 nm (Thorlabs Inc., SL1325-P16). The wavelength-swept frequency is 16 kHz with 19 mW output power. A Mach-Zehnder interferometer (MZI) receives 3% of the laser output power and generates a frequency clock signal with uniformly spaced optical frequency to trigger the sampling of the OCT signal during data acquisition. The sample and reference arms of a Michelson interferometer receives equal portions of the remaining 97% of the laser power. Polarization diversity detector (PDD, Thorlabs Inc., INT-POL-1300) is used to detect the light in orthogonal polarization channels, which contains two SMF based polarization beam splitters and two balanced photo-detectors. Imaging is performed by a pair of mirrors mounted to XY scanning galvanometers (Cambridge Technology Inc.) and a microscope objective.
Several polarization controllers (PC) are used in this system. PC1 makes the polarization direction of output light of the swept laser align with the direction of the polarizer. PC2, PC4, and PC5 are used to adjust the amplitudes of the reference light to be equal in the orthogonal polarization channels of PDD, which can make the interference signal contrast the same in both channels. During imaging, PC3 is adjusted to obtain the best polarization contrast from the sample.
The intensity or reflectivity of PSOCT is defined as [26] R
where A x and A y are the amplitudes of the orthogonal polarization channels detected by PDD. The polarization contrast can be defined as 
Animal Imaging Experiments
All of the procedures are approved by the Institutional Animal Care and Use Committees (IACUC) at both the University of Maryland and the Children's National Medical Center (CNMC). For ex vivo tissue imaging, six porcine spinal tissues were purchased from local slaughter house and imaged freshly within several hours after tissue harvest. The tissue was secured by mechanical holders and cut along the spine. For in vivo experiments, three Yorkshire piglets (∼5 kg) were used. The piglets were fasted overnight prior to the day of surgery. The animals were weighted and then are pre-medicated using Ketamine (20 mg/kg) and Xylazine (2 mg/kg). They were then transported to the dedicated animal operating room at CNMC where they were intubated and ventilated, with general anesthesia maintained using Isoflurane. The piglet's neck was pinched with toothed forceps to ensure adequate anesthesia. The piglet's bilateral groin areas, neck, and lower back was clipped for preparation of procedures. The same areas were then aseptically prepared using Chlorhexidine scrub twice to maintain sterility of the procedure. Upon successful general anesthesia, OCT imaging was carried out under sterile condition. During imaging, the animals were monitored continuously using ECG and pulse oximeter. Vital signs were continuously observed to ensure adequate anesthesia and animals' well-being. After the experiment, the animals were euthanized compulsorily. Beuthanasia (1 ml per 4.5 lb weight) was administered intravenously into an ear vein. Animal death was determined by listening for heart sounds and respiratory activity. Bilateral thoracotomy was performed as secondary terminal procedure. Fig. 2(a) shows the experimental setup for in vivo animal experiments. The spinal structures of piglet are striped off using a scalpel layer by layer. We need to use retractors to pull the tissues of the upper layer to obtain a good field of vision about the tissues of the layer observed and then we use the microscope probe of PS-OCT to image the tissues of the layer observed. Using this method above, we can image different layers of spinal structures and tissues. During the entire experiment, we used six pieces of porcine spinal tissues in ex vivo experiments and three piglets in in vivo experiments. In this paper, the images of ex vivo and in vivo spinal structure are collected form one porcine spinal tissue and one piglet, respectively.
Results
We investigated PS-OCT for its possible use in imaging spinal structures using ex vivo porcine spine model tissues and in vivo piglet model. We focus on critical spinal structures in interventional procedures (such as epidural anesthesia), including subcutaneous fat, supraspinous ligament, interspinous ligament, ligamentum flavum, dura, and spinal cord, as shown in Fig. 2(b) . During the interventional procedures, it is very important to identify different spinal structures using optical imaging. The objective of this study is to investigate the capability of PS-OCT to identify different spinal structures. We firstly use PS-OCT to obtain both intensity based images [see Fig. 3 (a)-(d)] and corresponding polarization contrast images [see Fig. 3 (e)-(h)] of spinal structures using ex vivo porcine spine tissues. From intensity based images [see Fig. 3(a)-(d) ], as characteristic features of different layers in spinal structures are not distinct enough, it is difficult to identify the layer of spinal structure accurately. Nevertheless, from corresponding the polarization contrast images [see Fig. 3(e)-(h) ], the characteristic features of different spinal structures in the polarization contrast images can be clearly identified. For subcutaneous fat, the surface layer does not have clear polarization pattern and the deeper layer has some vertical polarization contrast [see Fig. 3(e) ]. For supraspinous ligament, the patterns have very clear horizontal polarization contrast [ Fig. 3(f) ]. For interspinous ligament, the patterns of polarization contrast are uneven [see Fig. 3(g) ]. For ligamentum flavum, the polarization image shows homogenous pattern [see Fig. 3(h) ].
Secondly, we also use PS-OCT to obtain both intensity images [see Fig. 4 (b)-(e)] and polarization contrast images [see Fig. 4(f)-(i) ] of spinal structures on an in vivo piglet model and the detailed structures imaged include subcutaneous fat, supraspinous ligament, interspinous ligament, dura, and spinal cord. Fig. 4(a) is photographs of spinal structures. We need to use retractors to pull the tissues of the upper layer to obtain a good field of vision about the tissues of the layer observed. Form the intensity images [see Fig. 4(b) -(e)], for subcutaneous fat, supraspinous ligament and interspinous ligament, the patterns of polarization contrast are similar as ex vivo model and the characteristic features of different layers in spinal structures are not distinct enough. From corresponding the polarization contrast images [see Fig. 4(f)-(i) ], the characteristic features of different layers in spinal structures are more distinct than the intensity images. There are some differences in vivo and ex vivo PS-OCT images, but these difference don't influence the main characteristic features for both in vivo and ex vivo settings, which will be discussed in detail in the next section. In addition, we can obverse the clear dura layer and spine cord as shown in Fig. 4(e) . There are layered patterns in the polarization contrast imaging of spine cord as shown in Fig. 4(i) , the polarization patterns in the spinal cord maybe provide more unprecedented information in neuroimaging, which will also be discussed in detail in the next section.
Discussion
From Fig. 3 , we find that there are more clear characteristic features of polarization contrast imaging of PS-OCT for different spinal structures compared to intensity imaging of OCT. With further development, PS-OCT can be interfaced with a needle/catheter like probe [27] for providing real-time guidance and reducing complications from spinal injection procedures. In addition, we also show the characteristic patterns due to the presence of tissue birefringence exhibited by neural structures in the polarization contrast images of spinal cord in vivo shown in Fig. 4(i) . As PS-OCT can detect the organization of tissue structure that are difficult to be observed in the intensity OCT based images of a regular OCT, it will be possible to investigate the relationship between the characteristic of neural structures in polarization contrast images and some nerve injuries or neural diseases in the future. More importantly, we could use quantitative PS-OCT methods to obtain the phase retardance and optic axis orientation of the tissue birefringence [25] , [28] . The phase retardance images can provide better contrast between gray matter and white matter in spine cord than the intensity image. As the white matter (nerve fiber) has axis-dependent optical characteristics [29] - [31] , the optic axis orientation can provide more information about the change of nerve fiber axis orientation, which might enable visualization of the spatial architecture and nerve fiber orientations in the spinal cord with unprecedented details.
In ex vivo experiments, porcine spinal tissues were purchased from local slaughter house, and imaged freshly within several hours after tissue harvest. In in vivo experiments, Yorkshire piglets (∼5 kg) were used. The animal models are different, therefore the PSOCT images show different. However, the differences between in vivo and ex vivo PS-OCT images do not influence the main characteristic features for both in vivo and ex vivo settings. For example, for subcutaneous fat, the surface layer does not have clear polarization pattern and the deeper layer has some vertical polarization contrast [see . For ligamentum flavum, as this layer is difficult to expose for imaging during the in vivo experiments (this procedure will cause the animal death), we only obtain the images of ex vivo ligamentum flavum shown in Fig. 3(h) . For dura and spinal cord in ex vivo result, as the spinal cord are collapsed in ex vivo, we cannot image the ex vivo dura and spinal cord. The dura and spinal cord can only be imaged in in vivo shown in shown in Fig. 4(i) . As the main characteristic features of different layers in spinal structures using PS-OCT imaging are different, PS-OCT can locate the layer of spinal structure accurately.
Conclusion
In summary, we investigate PS-OCT for its possible use imaging spinal structures. In our experiments, we obtain both intensity and polarization contrast images of in vivo spinal structures including subcutaneous fat, supraspinous ligament, interspinous ligament, dura, and spinal cord in a piglet model. Compared with intensity images, the polarization information of tissues provide more potential characteristic features for potential guidance.
